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ABSTRACT
Health monitoring of civil structures is a process that aims at diagnosing and localizing structural damages. It
is typically conducted by visual inspections, therefore relying vastly on the monitoring frequency and individual
judgement of the inspectors. The automation of the monitoring process would be greatly beneﬁcial by increasing
life expectancy of civil structures via timely maintenance, thus improving their sustainability. In this paper, we
present a sensing method for automatically localizing strain over large surfaces. The sensor consists of several
soft capacitors arranged in a matrix form, which can be applied over large areas. Local strains are converted
into changes in capacitance among a soft capacitors matrix, permitting damage localization. The proposed
sensing method has the fundamental advantage of being inexpensive to apply over large-scale surfaces. which
allows local monitoring over large regions, analogous to a biological skin. In addition, its installation is simple,
necessitating only limited surface preparation and deployable utilizing oﬀ-the-shelf epoxy. Here, we demonstrate
the performance of the sensor at measuring static and dynamic strain, and discuss preliminary results from
an application on a bridge located in Ames, IA. Results show that the proposed sensor is a promising health
monitoring method for diagnosing and localizing strain on a large-scale surface.
Keywords: Strain gauge, structural health monitoring, capacitance sensor, large-scale sensor, static monitoring,
surface monitoring
1. INTRODUCTION
Developing and integrating automatic damage assessment methods into civil structure is a solution to improving
maintenance scheduling and inspection programs. Such improvement would directly beneﬁt our infrastructure
by reducing risks associated with insuﬃcient maintenance and increased utilization.1–3 Structural Health Moni-
toring (SHM) is a ﬁeld that aims at developing such automatic solutions, with the objective of achieving damage
diagnosis, localization, and prognosis. Challenges in SHM of civil structures are inherent to the large geometrical
size of the monitored systems. Known monitoring techniques are either too expensive to apply, or technically
constrained. For example, nondestructive evaluation (NDE) techniques, such as pulse-echo, dynamic response,
and acoustic emission4 are temporally constrained, while dynamics-based methods, such as accelerometers and
dynamic strain gauges result in complex data interpretation. Consequently, the vast majority of SHM is con-
ducted by visual inspection, which can be costly and time consuming, and depends strongly on the judgment of
the inspector.5
A solution is to develop a cost-eﬀective monitoring method, with simple data processing, and easy of instal-
lation and maintenance. We have presented a novel SHM method in Ref.6,7 for large-scale applications. The
method consists of a ﬂexible membrane that would be deployed on large surfaces. This membrane is patterned
into numerous individual soft capacitors, forming a matrix of capacitance-based strain gauges.
The proposed method is analogous to biological skin, in the sense that it would be capable of global monitoring
by deploying sensors over very large regions. The strain sensor consists of an elastomer ﬁlm sandwiched by soft
compliant electrodes forming the soft capacitor. The external induced strains result in geometrical change and
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therefore in a change of the electronic signal. Advantages of the ﬂexible membrane include 1) inexpensive
materials; 2) full polymeric preparation; 3) ease of installation; 4) low voltage consumption of equipment (1-2.5
volts); 5) customizable; and 6) robust with respect to physical damages. The sensing method is similar to ﬁber-
optic approaches for monitoring of large-scale surfaces,8–10 but diﬀerent in being cost-eﬀective, and capable of
monitoring strains over large areas.
Piezoelectric-based sensing methods have been researched in civil engineering due to their low voltage require-
ment for strain monitoring.11 Examples of applications include dynamic strain measurements,11–13 monitoring
of larger surfaces,14–16 and sensor distribution in array/matrix forms.17–19
Here, the proposed sensing solution has been modiﬁed for an enhanced applicability to civil structures by
providing additional sensitivity and robustness. While the patches were previously based on a commercially
available silicone elastomer-type material (Danfoss PolyPowerTM) with pre-deﬁned smart metallic electrodes,
the adapted patches are made of nano-composites based on a thermoplastic elastomer (TPE) (poly-styrene-
co-ethylene-butadiene-co-styrene, SEBS) mixed with ceramic particles. For the stretchable electrodes the TPE
is ﬁlled with conductive carbon black particles. These prepared patches are ﬁve times thicker (approximately
400 μm) and more robust (see Fig. 1(b)).
This paper presents the novel sensing materials, discusses the latest advances, and demonstrates its promise
at SHM of civil structures. It is organized as follows. Section 2 describes the proposed sensing method. Section 3
exhibits experimental results obtained with the improved technology. Section 4 gives preliminary results collected
from a SHM study conducted on a bridge located in Ames, IA, that utilizes the sensor. The validity of those
results are veriﬁed with a laboratory experimental on a large-scale steel beam. Section 5 concludes the paper.
2. PROPOSED SENSING METHOD
The sensing method consists of a ﬂexible membrane, termed sensing skin, assembled from a matrix of ﬂexible
strain gauges. Each ﬂexible strain gauge, termed sensing patch, is a soft capacitor fabricated from a thermoplastic
elastomer. The strain measurement principle for a sensing patch is based on its capacitance variation. Consider
the capacitance C of a thin ﬁlm capacitor:
C = r0
A
d
(1)
where r is the permittivity of the polymer, 0 the vacuum permittivity, A the ﬁlm surface area, and d the ﬁlm
thickness. Assuming that for a small strain the thickness remains constant, a strain produces a change in the
area ΔA, which directly inﬂuences the measured capacitance C. Fig. 1(a) schematizes the sensing principle.
The sensor is adhered to the monitored surface by a bonding agent. A strain (bottom red arrows), for example
bending or a crack, produces a change in the sensor geometry (top red arrows), which in turn results in a change
in capacitance.
Figure 1: schematic of the sensing principle; and (b) a sensing patch, 75 x 75 mm (3 x 3 in)
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We have demonstrated that it was possible to adapt the sensitivity of a patch by changing the material at the
nanolevel to enhance the permittivity of the polymer r. For instance, it was shown that r could be increased
by a factor of 46 by grafting 2.3%vol poly-aniline (PANI) on the matrix elastomer backbone to form a molecular
composite.20 It results that a sensing patch can be customized to monitor a given structural system by adapting
A and subsequently changing r to obtain the desired precision.
In addition, the thickness d can be changed to improve the sensor robustness and ease of installation. For
application to SHM of civil structures, we have designed a sensing patch with a thickness of approximately
400 μm. To preserve an adequate precision, permittivity has been adjusted by adding 15%vol high permittivity
nanoparticles consisting of titanium dioxide (TiO2), to a TPE material SEBS (Dryﬂex 500120, Elastoteknik),
constituting the sensing material. The sensing material is sandwiched by stretchable electrodes fabricated from
the same SEBS material, mixed with 10%vol carbon black (Printex XE 2-B). Fig. 1(b) is a picture of a sensing
patch.
We have demonstrated in Ref.7 that the sensing solution was capable of localizing and detecting cracks on
a mid-size concrete beam of 1.5 m (5 ft) length. The here proposed sensor has been tested under laboratory
conditions to determine its precision to detect deformations on the micron level. The sensor shown in Fig. 1(b)
is slightly pre-strained to approximately 10%, clamped into a tensile tester (Zwick/Roell Z005), connected to a
LCR-meter bridge (HP 4284A), and measured at a sampling rate of 100 s−1. The change in capacitance under
variation in strain is shown in Fig. 2. Results show that the signal raises well above the noise after 0.2 ppm,
where 0.1 ppm corresponds to approximately 0.750 μm. Fig. 2 shows a drift in the measurements, which could
be a consequence of changes in temperature and humidity. To minimize such eﬀects, and to enhance the sensor
precision, we propose to use a diﬀerential measurement method, where the diﬀerence in capacitances between
two nearly identical patches is measured. All subsequent experiments and applications presented in this paper
use the diﬀerential measurement method.
Figure 2: capacitance time history (above) under a quasi-static strain (below)
.
3. EXPERIMENTAL RESULTS
This section describes laboratory tests that were conducted on wood specimens of dimension 185 × 185 × 38 mm
(7.25 × 7.25 × 1.5 in) to verify and demonstrate the performance of the sensing solution. We have tested the
performance of the sensor at quasi-static strain measurements and crack detection, and for robustness. Those
tests are described in what follows.
Proc. of SPIE Vol. 8347  83471P-3
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/11/2014 Terms of Use: http://spiedl.org/terms
3.1 Static Strain
The performance of a sensing patch at following a quasi-static strain time history and detecting a crack has been
evaluated using a three-point load setup induced using an Instron servo-hydraulic testing machine, applying a
constant displacement at a rate of 0.500 mm/min until failure, with one sensing patch under the specimen at
mid-span, and another patch located nearby. Fig. 3(a) is a picture of the experimental setup.
Fig. 3(b) is a plot of a typical result. The plot shows the time series of the (ﬁltered) diﬀerential capacitance
versus the applied load on the specimen. There is a 99.8% correlation between both measurements during the ﬁrst
300 seconds (before the ﬁrst crack). Remark that the relationship between load and curvature is approximately
linear in the case of the three-point load setup, hence the load also corresponds to the curvature of the beam,
or the curvature of the sensor. The formation of the ﬁrst crack can be deduced from the ﬁrst drop in the load
correlated with the ﬁrst jump in the diﬀerential capacitance measurements. The second crack corresponds to
the failure of the specimen, and unloading. Those results show that the sensor behaves as a strain gauge, and
can also detect cracks in a specimen.
Figure 3: (a) experimental setup for static sensing; (b) absolute zeroed diﬀerential capacitance against load
(ﬁltered data)
3.2 Robustness
As aforementioned, increasing the thickness of a patch had as primary objective to increase the mechanical
stiﬀness of the sensor material, consequently improving on its handling properties. Such modiﬁcation was
essential in creating a sensor easily applicable to uneven and rough surfaces, and durable to reduce maintenance
costs associated with the SHM strategy. In addition, the use of a soft capacitance-based sensing patch has the
fundamental advantage over an hypothetical resistance-based sensing patch of keeping a level of functionality
after sustaining severe damages. The reason is that the removal of material, or a cut, would simply result in a
change in the material geometry, thus changing its capacitance C. To illustrate the principle and to demonstrate
the sensor robustness, ﬁve consecutive cuts were induced into a sensing patch installed on a wood specimen. The
capacitance of the damaged patch was measured against the capacitance of an undamaged patch. Each cut ran
over approximately 50% of the length of the patch. Fig. 4 shows the results of the robustness test. Each cut in
the sensor is illustrated by a strong dip in the diﬀerential capacitance (caused by the contact of the knife blade),
immediately followed by an increase in the diﬀerential capacitance. Note that after each cut, the diﬀerential
capacitance stabilized.
4. FIELD APPLICATION
Following the promising results of the sensor, we had the opportunity from the Iowa Department of Transporta-
tion to install the sensor on a bridge, which we used to study the behavior of the materials over winter. This
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Figure 4: diﬀerential capacitance (zeroed) in function of cuts in the specimen (unﬁltered data)
section describes the project, and shows preliminary results along with their veriﬁcations in a laboratory setup.
4.1 The South Skunk River Bridge
Two sensing patches have been installed on the South Skunk River Bridge, located in Ames, IA. The objective
of the test is to study the behavior of the sensor in a harsh winter environment. The bridge is a three-spans
two-lanes highway overpass, 98 m (320 ft) long by 9.1 m (30 ft) wide, spanning the South Skunk River on the
US-30. The structure has been used in the past for ﬁber optic-based SHM research.21 Fig. 5(a) is a picture
of the bridge (eastbound view), and Fig. 5(b) shows two patches installed under the deck in the longitudinal
direction above the ﬁrst girder from the west side, on which the data acquisition system is located (shown in
Fig. 5(b)). The installation methodology consisted of sanding the surface, cleaning it acetone, and adhering
the patches using an oﬀ-the-shelf epoxy for concrete (J-B KWIKTM). The sensing patches were installed early
December 2011.
Fig. 6 is a schematic of the hardware setup. Both sensing patches are connected to the data acquisition
system (PICOAMP PSØ21, ACAM GmbH), which measures the diﬀerential capacitance. The data are recorded
by the site computer, which can be accessed from a remote computer via an internet connection.
4.2 Preliminary Results
The sensing patches installed on the South Skunk River Bridge have been functioning since the installation date,
but data collection has been considerably impeded by a malfunction of the wireless communication system. The
router located under the bridge, the same one as used in Ref.,21 has been severely damaged by the Ames ﬂood
of Summer 2010. The router has been recently replaced and is now functioning.
Fig. 7(a) shows a typical frequency content of the bridge response, obtained from the patches on January
26th 2012. The power spectral density was plotted after minor data cleansing. A principal component analysis
(PCA) was performed on the autocorrelation of the signal, and the power spectra density plot obtained from a
fast fourier transform on the reconstructed signal from 95% of the singular values. Results show a quasi-static
response of 1.07 Hz, a fundamental frequency of 2.91 Hz, and another frequency response at 4.20 Hz. The SHM
study presented in Ref.21 reported a frequency of quasi-static response of approximately 0.4 Hz, a fundamental
frequency of approximately 2.9 Hz, and a frequency response content in the range 4.2-4.4 Hz, which are consistent
with our results. The higher quasi-static frequency response obtained with the patches can be explained by crack
located directly under one patch, which may be responsible for a local increase in the quasi-static response. Fig.
7(b) is a blowup of Fig. 5(b) showing the crack.
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Figure 5: (a) Skunk River Bridge on the I-30, Ames, IA; (b) two sensing patches installed under the deck in the
longitudinal direction
Figure 6: schematic of the SHM system.
4.3 Veriﬁcations on a Steel Beam
In order to conﬁrm results from frequency response of the South Skunk River Bridge, a dynamic test has been
conducted on a steel beam to determine the capability of the sensing patches to detect natural frequencies.
For the test, two patches have been installed on a 5.5 m (18 ft) HP10x42 steel beam simply supported at its
extremities, as shown in the experimental setup in Fig. 8(a). A 4000 rpm capacity shaker was installed on the
top ﬂange of the beam to produce a dynamic excitation along the strong axis of the beam, at 2.85 m (9.3 ft)
from the right extremity of the beam (Fig. 8(a)). Both patches were installed at distance of 280 mm (11 in)
from each other, 1.8 m (6 ft) from the right support. A chirp signal was generated manually and the patches
responses recorded over approximately 35 seconds sampled at 202.02 Hz. A plot of the power spectral density
is produced in Fig. 8(b). The plot was obtained with a similar data cleansing method to Fig. 7(b), with the
diﬀerence that the signal was reconstructed with only the ﬁrst 67.5% of the singular values to further reduce
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Figure 7: (a) power spectra density of the capacitance signal; (b) blowup on a crack located under a patch
Table 1: comparison of modal properties.
mode number 1 2 3 4
mode type (axis) weak polar strong weak
FEM (Hz) 12.3 26.5 42.9 55.5
experimental (Hz) 11.8 23.9 47.4 71.1
diﬀerence (%) -4.07 -9.81 10.5 28.1
noise. Table 1 compares modal properties obtained experimentally against a ﬁnite element model (FEM) of the
beam constructed in SAP2000. The sensing patches showed to be capable of detecting the ﬁrst four natural
frequencies of the beam.
Fig. 8(c) shows a wavelet transform using morlet wavelets on a section of the original signal extracted using
a Tukey windowing function to reduce frequency leakage. The wavelet transform clearly illustrates the chirp
signal. The plateau at 23.9 Hz is the fundamental frequency of the torsional mode, which resonates between 21
and 24 seconds. A second increasing frequency can be observed at the lower middle of the plot. A plausible
explanation is that the shaker produces a second set of frequencies in the perpendicular direction, which excites
the weak axis of the beam (fundamental frequency of 11.8 Hz). From those results, we can conclude that the
sensing method was capable of detecting the frequency content of the dynamic input.
5. CONCLUSION
In this paper, we have presented a powerful sensing method for SHM of large-scale systems. The method consists
of using several soft capacitors arranged in a matrix, forming a large ﬂexible membrane with skin-like quality.
The sensing skin, by being fabricated with inexpensive materials and using simple electronics, is an inexpensive
sensing solution. In addition, the sensor patches are robust with respect to physical damages and the surveillance
electronic operates on low voltages. Because of the direct relationship capacitance-strain, data processing is direct
and could be conducted online.
Laboratory experiments and preliminary results on the South Skunk River Bridge show that the sensing skin
is a promising SHM solution for civil structures. Speciﬁcally, data obtained from tests on wood specimens showed
that the sensing solution was capable of detecting changes in strain and cracks in the specimen. In addition,
we have demonstrated using the same specimens that the sensing patch was robust with respect to mechanical
tempering. Preliminary data obtained from the ongoing SHM study on the South Skunk River Bridge showed
that the sensor was capable of detecting the ﬁrst natural frequencies of the bridge, which was validated from
laboratory experiments. This validation, conducted on a large-scale steel beam, also demonstrated that the
sensing solution could eﬀectively detect dynamic inputs.
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Figure 8: (a) picture of the measurement setup; (b) pseudo spectral density plot showing the ﬁrst four frequencies;
(c) normalized wavelet transform of the response.
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